Germline cells segregate from the soma to maintain their totipotency, but the cellular mechanisms of this segregation are unclear. The Drosophila melanogaster embryo forms a posterior group of primordial germline cells (PGCs) by their division from the syncytial soma. Extended plasma membrane furrows enclose the PGCs in response to the germ plasm protein Germ cell-less (Gcl) and Rho1-actomyosin activity. Recently, we found that loss of the Arf-GEF Steppke (Step) leads to similar Rho1-dependent plasma membrane extensions but from pseudocleavage furrows of the soma. Here, we report that the loss of step also leads to premature formation of a large cell group at the anterior pole of the embryo. These anterior cells lacked germ plasm, but budded and formed at the same time as posterior PGCs, and then divided asynchronously as PGCs also do. With genetic analyses we found that Step normally activates Arf small G proteins and antagonizes Rho1-actomyosin pathways to inhibit anterior cell formation. A uniform distribution of step mRNA around the one-cell embryo cortex suggested that Step restricts cell formation through a global control mechanism. Thus, we examined the effect of Step on PGC formation at the posterior pole. Reducing Gcl or Rho1 levels decreased PGC numbers, but additional step RNAi restored their numbers. Reciprocally, GFP-Step overexpression induced dosageand Arf-GEF-dependent loss of PGCs, an effect worsened by reducing Gcl or actomyosin pathway activity. We propose that a global distribution of Step normally sets an inhibitory threshold for Rho1 activity to restrict early cell formation to the posterior.
Introduction
Embryonic specification of primordial germline cells (PGCs) distinguishes them from somatic cells to maintain the totipotency of the germline (HAYASHI et al. 2007; JOHNSON et al. 2011; SEYDOUX and BRAUN 2006; STROME and LEHMANN 2007) . Although this segregation occurs across animals, its cellular bases remain unclear.
The early Drosophila embryo segregates the germline from the soma through an extreme form of asymmetric cell division. The very early embryo is a syncytium of dividing nuclei. At nuclear cycle 9, a group of nuclei are recruited from the sub-cortex to the posterior pole of the syncytium, and each induces transient, shallow, dome-like buds at the embryo surface. During nuclear cycle 10, these posterior cells bud again, and then divide fully from the remaining syncytium. This asymmetric division forms the PGCs at the posterior pole of the embryo. The remaining somatic nuclei continue dividing as a syncytium until 13 rounds of nuclear division are complete, at which point they too divide into separate cells through the process of cellularization that forms the blastoderm (FOE and ALBERTS 1983) .
The asymmetric division of PGCs from the soma is dictated by germ plasm deposited maternally at the posterior pole (LEHMANN and EPHRUSSI 1994; MAHOWALD 2001; WILSON and MACDONALD 1993) . Specifically, the germ plasm protein Germ cell-less (Gcl) promotes activity of Rho1 and downstream actomyosin pathways to form extended plasma membrane furrows that encase single PGCs laterally and then basally (CINALLI and LEHMANN 2013) . Once the lateral membranes form, their basal tips expand perpendicularly to form basal membranes beneath each nucleus. These basal membranes have been termed 'bud furrows' and are coated with cytoskeletal networks composed of actin, non-muscle myosin II and Anillin. These furrows form independently of spindles, and other than positive roles for Gcl and Rho1 (CINALLI and LEHMANN 2013) , it is unclear how bud furrows form, and what prevents their formation elsewhere around the embryo.
We recently reported that early embryo depletion of the plasma membrane Arf-guanine nucleotide exchange factor (Arf-GEF) Steppke (Step) leads to premature basal membrane formation, but for pseudocleavage furrows that transiently separate somatic, syncytial nuclei (LEE and HARRIS 2013) . Without Step, these abnormal basal membranes have dramatic effects at equatorial (non-polar) regions of the embryo. They sporadically capture nuclei to form single cells, but also displace nuclei from the syncytial blastoderm into the yolk below. Despite their random and disruptive effects on equatorial somatic nuclei, we were struck by how similar these abnormal basal membranes are to PGC bud furrows: (1) they each have a similar architecture relative to lateral membrane domains, (2) they are each coated with actin, non-muscle myosin II, and Anillin, and (3) they each form through Rho1-actomyosin activity. Thus, we hypothesized that PGC formation may not solely depend on induction by the germ plasm, but that Step's inhibition of Rho1 additionally controls where the asymmetric division occurs. This hypothesis invokes a commonly used mechanism of pattern formation; the combination of local activation with global inhibition (CHAU et al. 2012; FLETCHER et al. 2012; GIERER and MEINHARDT 1972; ROUSSOS et al. 2011; TURING 1952) .
Step is the sole Drosophila member of the cytohesin Arf-GEF family. Cytohesins localize to the plasma membrane and activate Arf small G proteins. In response, Arf small G proteins induce proximal signals that trigger endocytosis and other effects (D'SOUZA-SCHOREY and CHAVRIER 2006; DONALDSON and JACKSON 2011; GILLINGHAM and MUNRO 2007) . We found that Step is enriched at the base of somatic plasma membrane furrows and regulates their structure through its Arf-GEF activity in cooperation with the clathrin adaptor complex, AP-2. These data suggested that a local, Step-dependent, endocytic pathway regulates somatic furrows, and an increase of furrow Rho1 protein levels with step loss suggested that Rho1, or an associated protein, might be the endocytic target (LEE and HARRIS 2013 ).
Here, we tested whether Step regulates PGC segregation from the soma by comparing the two poles of the embryo with step loss or gain. Strikingly, step RNAi or mutant embryos formed structurally similar cell groups at both the posterior and anterior poles. The anterior group lacked germ plasm but formed and behaved as PGCs initially do. Not only does Step inhibit this anterior cell formation, but we found that it also hinders normal PGC formation. In each case, Step seems to use its Arf-GEF activity to antagonize Rho1-actomyosin pathways. We additionally documented a uniform expression of Step across the embryo. Thus, Step seems to normally set a global inhibitory threshold for Rho1 activity, and one major effect of this threshold is the restriction of cell formation to the posterior pole.
Results

Without
Step an anterior cell group forms independently of germ plasm We previously reported that depletion of maternal step gene product leads to abnormal expansion of basal membranes in equatorial (non-polar) regions of the soma during the syncytial divisions of the early Drosophila embryo (LEE and HARRIS 2013) . In these regions, the expanded basal membranes displaced nuclei into the yolk below or towards the embryo surface-occasionally forming single, isolated, nucleated cells (LEE and HARRIS 2013) . In analyzing step RNAi and mutant embryos further, we noticed a striking abnormality at the anterior pole. Here, in contrast to controls, a large group of cells formed in nearly all of the embryos (Fig 1A, 2C) . Since a large group of PGCs normally forms at the posterior pole of the embryo under control of the germ plasm, we tested whether the germ plasm marker Vasa accumulated anteriorly with the loss of Step. However, the abnormal group of anterior cells was devoid of Vasa, in contrast to the posterior of control and step RNAi embryos (Fig 1A) . Comparing the posterior poles further revealed Vasa-negative cells surrounding the PGCs with step loss, but not in control embryos (Fig 1A) . Thus, Step plays an important role in preventing large groups of cells from forming at the poles of the syncytial Drosophila embryo, regardless of the presence or absence of germ plasm.
The abnormal anterior cells form and behave as posterior PGCs normally do
To determine whether the mechanism underlying the abnormal anterior cell formation was similar to that of normal PGC formation, we compared their initial formation by phase contrast, time-lapse microscopy. In 5/5 control embryos, our results were consistent with previous observations of posterior pole buds forming at nuclear cycle 9 and PGCs forming at nuclear cycle 10, with no observable cells formed at the anterior pole at these stages ( Fig 1B; Movie 1 ; (FOE and ALBERTS 1983) ). Strikingly, in 2/5 step RNAi embryos, formation of shallow buds at nuclear cycle 9 and then round cells at nuclear cycle 10 was apparent at both the anterior and posterior poles with the same timing (Fig 1B, arrows indicate the ectopic cells; Movie 2). For the remaining 3/5 step RNAi embryos, anterior buds and round cells formed during later nuclear cycles but still prior to normal blastoderm cellularization (data not shown). To examine the early abnormal cells at higher resolution, we stained step RNAi embryos with the plasma membrane marker Discs large (Dlg) and performed confocal imaging. These analyses revealed that the cycle 10, round, anterior cells had not yet formed full basal membranes (Fig 1C, hollow  arrow) , similar to some cells at the posterior ( Fig 1C, hollow arrow ; compare with fully formed PGCs, solid arrow). These data suggest an early action of Step to prevent initial stages of cell formation at nuclear cycles 9 and 10.
To test if the abnormal anterior cell compartments became functional, single cells, we analyzed their subsequent structure and behaviour. Using Dlg as a plasma membrane marker, we found that the abnormal anterior cells became fully membrane-enclosed by nuclear cycle 12 (Fig 1D) . With full membrane enclosure, a loss of syncytial behaviour would be expected. By labelling with the mitotic chromosomal marker phospho-histone H3, we found that, in contrast to the synchronous nuclear cycling of the wildtype syncytial soma, asynchronous nuclear cycling occurred in the abnormal anterior cell group (Fig 1E) . Finally, by labelling cytoskeletal markers (Anillin and the Drosophila septin, Peanut) we found evidence for individual cytokinetic rings scattered within the anterior cell groups (Fig 1F, S1) , suggestive of single cell divisions, as occurs for PGCs after they normally form (TECHNAU and CAMPOS-ORTEGA 1986) . Overall, these results indicate that Step normally prevents a group of single, functional cells from forming at the anterior pole of the early embryo.
Step activates Arf small G proteins to prevent anterior cell formation Since
Step is a member of the cytohesin Arf-GEF family which activates Arf small G proteins at the plasma membrane (D'SOUZA-SCHOREY and CHAVRIER 2006; DONALDSON and JACKSON 2011; GILLINGHAM and MUNRO 2007) , we hypothesized that Step prevents anterior cell formation through Arf G proteins. To test this possibility, we expressed RNAi-resistant GFP-Step constructs in step RNAi embryos and analyzed them during blastoderm cellularization when step RNAi embryos can be most accurately staged. Expressing an active form of the GFP-Step construct restored the embryo morphology of step RNAi embryos (95% of embryos displayed a cell group only at one pole; Fig 2A,  C) . In contrast, expression of RNAi-resistant GFP-Step with a mutation inactivating its Arf-GEF domain (GFP-Step E173K ; (CHERFILS et al. 1998; MOSSESSOVA et al. 1998) ), failed to prevent the abnormal anterior cell formation with step RNAi (80% of embryos displayed cell groups at both poles; Fig 2A, C) . Significantly, both constructs localized to the plasma membrane of the cell compartments involved (Fig 2A) . Thus, Step appears to act at the plasma membrane to activate Arf small G proteins for the inhibition of abnormal cell formation at the anterior pole.
Step antagonizes Rho1 to prevent anterior cell formation Previously, we found that Rho1 pathways were responsible for the abnormal expansion of basal membranes in equatorial regions of step loss-of-function embryos (LEE and HARRIS 2013) . Since the Rho1-actomyosin pathway also drives normal PGC formation (CINALLI and LEHMANN 2013), we hypothesized that Rho1-actomyosin pathways might also be responsible for the abnormal anterior cell formation with step loss. Thus, we pursued suppression experiments. Maternal heterozygosity for rho1 72O dramatically suppressed the abnormal cell formation of step RNAi embryos (97% of these embryos displayed a cell group only at one pole; Fig 2B, C) . Combined heterozygosity for mutant alleles of the Drosophila formin diaphanous (dia) and non-muscle myosin heavy chain, zipper (zip), encoding downstream effectors of Rho1, had a similar but milder effect (Fig 2B, C) . Together, these data argue that Step antagonizes Rho1-actomyosin pathways to restrict early cell formation to the embryo posterior.
Step is expressed uniformly across the syncytial soma and posterior pole Since Step inhibits cell formation and Rho1 promotes cell formation, we hypothesized that a regional difference in their relative activities could dictate normal PGC formation. We considered three models. At one extreme, Step inhibition of Rho1 could be high in the soma and absent at the posterior pole, with equivalent Rho1 activation across the embryo. At the other extreme, Step inhibition of Rho1 could be uniform across the embryo, with greater Rho1 activation at the posterior pole. A third model would be a combination of both differences. In all three cases, the result would be greater Rho1-actomyosin pathway output at the furrows of presumptive PGCs, and thus asymmetric division of the syncytial Drosophila embryo.
To begin to test these models, we pursued the expression pattern of step gene products. An antibody shown to specifically detect Step in larval tissues (HAHN et al. 2013 ) and the later embryo (our unpublished observations), detected no signal above background in the syncytial embryo (data not shown), suggesting Step protein levels are relatively low at this stage. Thus, we examined the localization of step mRNA by fluorescent in situ hybridization. Focusing specifically on the developmental stages when PGCs bud and first form, we detected no differences in step mRNA localization around the full embryo periphery. Higher magnification confocal imaging of the embryo posterior verified that there was no detectable difference in step mRNA levels or localization between forming PGCs and neighbouring, peripheral, somatic regions (Fig S2) . These data suggested a model in which Step inhibition of Rho1 is equivalent across the soma and the posterior pole.
Step antagonizes Rho1 pathways during posterior PGC formation To test whether Step activity affects the posterior pole, we examined genetic interactions between step and rho1 or gcl, the two genes known to promote the bud furrows of PGCs (CINALLI and LEHMANN 2013) . For rho1, we noticed that maternal heterozygosity for either of two null alleles (rho1 72O and rho1 72F ) led to a substantial reduction of PGC numbers, as marked by Vasa, versus control embryos ( Fig  3A-B, S3A) . We found that these PGC numbers were reduced both at blastoderm cellularization ( Fig  3A-B) and at nuclear cycles 11 and 12 (Fig S4) , suggesting the rho1 heterozygotes had fewer PGCs due to defective PGC formation, rather than defects in later PGC division or maintenance. If
Step antagonizes Rho1 during normal PGC formation, then two factors might contribute to the reduced ability of Rho1 to promote PGC formation in these heterozygotes: the genetic reduction of rho1 gene product and inhibition from Step. To test the effect of Step, we reduced its levels by RNAi in the rho1 heterozygotes and found a restoration of PGC numbers versus controls at both blastoderm cellularization and at nuclear cycles 11 and 12 (Fig 3A-B, S4) . Similarly, we found that step RNAi restored PGC numbers in homozygous gcl null mutants observed at blastoderm cellularization (Fig 3A, C) . Notably, rho1 heterozygotes at nuclear cycle 11 (Fig S4) , and most gcl mutants at blastoderm cellularization ( Fig  3C; (ROBERTSON et al. 1999) ), had no PGCs, and thus the recovery of PGC numbers with the reduction of Step further confirms a restoration of PGC formation in each case. Together, these data indicate that
Step hinders Rho1-actomyosin activity during normal PGC formation.
Elevated global
Step Arf-GEF activity blocks PGC formation Our loss-of-function and step expression studies suggested a model in which global Step activity sets an inhibitory threshold for the Rho1 activity needed for PGC formation. To test this model, we overexpressed GFP-Step globally and examined effects on PGC numbers. This GFP-Step overexpression inhibited PGC formation, whereas GEF-dead GFP-Step E173K overexpression did not ( Fig  4A) . To test the responsiveness of the system to Step overexpression, we compared GFP-Step plasma membrane levels and PGC numbers embryo-by-embryo. This analysis revealed that the effect of GFPStep on PGC numbers was dose-dependent, whereas the same range of GFP-Step E173K expression had no effect (Fig 4A) . To determine where the constructs acted within PGCs during their formation we imaged the non-disruptive GFP-Step E173K . In forming PGCs, this protein was strongly enriched at the basal tips of lateral plasma membrane furrows (Fig 5) , where actomyosin activity normally promotes bud furrow formation (CINALLI and LEHMANN 2013) . Together, these observations indicate that Step acts through Arf small G proteins at the plasma membrane to restrict PGC formation. It also seems that factors for the localization and activity of these Step constructs are not limiting in the PGCs.
To test whether the inhibitory effects of Step overexpression are related to Rho1-actomyosin pathways, we evaluated the effects of Step overexpression in two contexts in which Rho1-actomyosin pathways were weakened but had no effects on PGC numbers on their own. Specifically, maternal heterozygosity for mutant alleles of both dia and zip, or single maternal heterozygosity for null alleles of gcl, had minimal effect on PGC numbers alone (Fig S3B-C) . However, these perturbations enhanced the inhibitory effects of GFP-Step overexpression on PGC numbers (Fig 4B, S5) . These data further indicate that Step controls cell formation by setting a threshold for Rho1-actomyosin activity.
Discussion
To contribute fully to the next generation, PGCs segregate from the influences of somatic cells. In the early Drosophila embryo, PGC division from the soma is dictated by inductive signals from the germ plasm, previously the only mechanism known to control germline formation. Our data show that a global inhibitory mechanism also exists in the early embryo. This mechanism is based on Arf-GEF inhibition of actomyosin activity and restricts the formation of large groups of cells within the syncytial embryo. Thus, germline separation is controlled by a combination of local activation and global inhibition, a combination that creates robust patterns in many different biological contexts. Specifically, our data frame a model in which a uniform distribution of Step sets an inhibitory threshold for Rho1 activity to control the division of PGCs from the syncytial soma (Fig 6) . Normally, Rho1 activity only overcomes the threshold at the posterior pole, through its upstream activation by the germ plasm (CINALLI and LEHMANN 2013).
The uniformity of Step activity was evident from several pieces of data. First, our analyses of endogenous step mRNA localization revealed a uniform pattern around the embryo cortex, and our inability to detect endogenous Step protein suggested its levels are low relative to later developmental stages. Second, our functional analyses showed endogenous Step activity at both the soma and the posterior pole where PGCs form. Activity in the soma was evident from the abnormal formation of the anterior cell group with step loss. Activity at the posterior pole was evident from the suppression of PGC formation defects of rho1 heterozygous mutants, or gcl homozygous mutants, by step RNAi. The posterior analyses indicated that PGC formation was impaired in rho1 or gcl mutants not simply because of reduced Rho1 activity, but because the experimentally reduced Rho1 activity was unable to surmount the inhibitory effects of endogenous Step. Third, GFP-Step constructs, over-expressed globally, localized similarly to the plasma membranes of somatic cell compartments and forming PGCs, and construct activity was apparently not limited at the posterior pole (it is possible though that the localization or activity of the lower levels of endogenous Step might be limited at the posterior). Notably, protein levels of the Rho-GEF Pebble and non-muscle myosin II (Zip) are higher in forming PGCs than surrounding somatic regions (PROKOPENKO et al. 2000; YOUNG et al. 1991) . Moreover, a survey of the FlyFISH database revealed six actin-related mRNA transcripts enriched in the pole plasm at embryonic stages 1-3 (the early syncytial divsions): pebble, spire, Septin 4, Arp2/3 complex subunit 2, Tropomyosin 1, and Ankyrin. Overall, these data suggest that Step inhibition of Rho1 is similar across the soma and presumptive PGCs, and that greater Rho1 activation, and possibly other actin cytoskeleton induction, occurs at the PGCs.
The
Step threshold for Rho1 activity is not trivial. Specifically, step loss alone is sufficient for robust, ectopic formation of a large group of cells (Fig 1) . Strikingly, this precocious cell division occurred without germ plasm, arguing against a longstanding view that PGC formation occurs solely by induction from the germ plasm (CINALLI and LEHMANN 2013; LEHMANN and EPHRUSSI 1994; MAHOWALD 2001; WILSON and MACDONALD 1993) . PGC formation also seems to be controlled by an inhibitory threshold set by Step. If the Step threshold for Rho1 activity is lowered, then the need for Rho1 for PGC formation is also lowered, and, strikingly, the need for the germ plasm component Gcl is eliminated, since PGC formation defects of gcl null mutants can be rescued by step RNAi (Fig 3) . If the threshold is increased by Step over-expression, then PGC cell formation is inhibited in a dose-dependent manner (Fig. 4) . In wildtype embryos, the threshold seems to be specifically tuned for PGC formation at the embryo posterior.
Although step loss leads to the abnormal anterior cell group, it is intriguing that wide-spread cell formation does not occur at equatorial regions of step loss-of-function embryos. We documented previously that Step activity is needed to restrain actomyosin networks at equatorial pseudocleavage furrows, but in this context the regulation seems to coordinate syncytial nuclear divisions (without Step, sporadic cell formation and nuclear loss occurs (LEE and HARRIS 2013) ). This same global Step activity appears to have a related, but distinct, impact at the poles, hindering uniform formation of large cell groups. Thus, Step's inhibition of Rho1 seems to have distinct cellular effects in different parts of the embryo. The difference between the polar and equatorial regions suggests an additional cue for cell formation at the poles. There are two main differences between the regions: the poles have greater curvature, and the poles are regulated by the terminal patterning system. The greater curvature of the poles could promote cell formation by directing the basal tips of furrows closer to one another than they are at the flatter equatorial regions of the embryo. However, germ plasm positioned ectopically to equatorial regions can induce formation of small groups of cells (SMITH et al. 1992) , although the relative effectiveness of this cell division is unclear. Regulation by terminal genes could conceivably make the poles more susceptible to the effects of step loss by increasing signals for Rho1 activation or decreasing factors for Step activity. To our knowledge, such effects have not been reported, and, in fact, terminal gene activity seems to be incompatible with normal PGC formation (DE LAS HERAS et al. 2009; MARTINHO et al. 2004 ), but perhaps genes specific to the equatorial region could help distinguish the poles. Regardless of the specific mechanism, our data indicate that an additional property of the poles promotes the formation of cell groups. With the Step threshold in place, this property may normally act with germ plasm to promote posterior cell formation. Without Step, this property elicits the formation of cell groups at both poles, but presumably only cells capturing the germ plasm would contribute to the germline (an idea that is difficult to test because of the general disruption of step loss-of-function embryos).
Overall, our data support a three factor model for the control of PGC segregation from the soma (Fig 6) . A potential for cell division is generated by two factors-Rho1 activation by the posterior germ plasm plus a propensity for cell division at both poles-and this potential must overcome an inhibitory threshold set by Step Arf-GEF activity. In this model, Step matches the physical behaviour of the early embryo plasma membrane with the maternal positioning of the germ plasm so that the first cells formed in the embryo are the germ cells. 
Materials and Methods
Drosophila genetics and molecular reagents
(BDSC #4199). UAS constructs included: UAS-GFP-
Step and UAS-GFP-Step E173K as well as corresponding RNAi-resistant forms (LEE and HARRIS 2013); UAS-GFP (gift of U. Tepass, University of Toronto, Canada); UAS-step-shRNA (P[VALIUM20-TRiP.HMS00365]attP2; BDSC #32374); and UAS-mcherry-shRNA (P[VALIUM20-mCherry]attp2; BDSC #35785). UAS constructs were expressed maternally using maternal-α4-tubulin-GAL4-VP16 (gift of M. Peifer, University of North Carolina at Chapel Hill, USA) and defects were assessed in offspring. y w embryos were used as a control (gift of M. Peifer).
All complex genotypes were synthesized using standard Drosophila genetics and the presence of alleles and transgenes was confirmed after synthesis by probing for their expected phenotypes in single disruption analyses.
Embryo Staining and Imaging
Embryos were fixed for 20 minutes in 1:1 3.7% formaldehyde in PBS:heptane and then devitellinized in methanol. Blocking and staining were in PBS containing 1% goat serum, 0.1% Triton X-100 and 1% sodium azide. Antibodies used were: rabbit, Amphiphysin Immuno-fluorescent images were collected by a spinning disk confocal system (Quorum Technologies, Guelph, Canada) at room temperature using 10x EC Plan-Neofluar NA 0.3, 40x Plan Neofluar NA 1.3 and 63x Plan Apochromat NA 1.4 objectives (Carl Zeiss, Toronto, Canada) with a piezo top plate and an EM CCD camera (Hamamatsu Photonics, Hamamatsu, Japan), where z-stacks had 1µm and 300 nm step sizes, respectively. These images were analyzed with Volocity software (PerkinElmer, Waltham, USA) and Imaris 6.2 software (Bitplane, Zurich, Switzerland). Live, phase contrast imaging was performed at a single focal plane, at room temperature, with a BX51 microscope and a UPlanFl 20x/0.50 Ph1 objective (Olympus, Richmond Hill, Canada) , an Evolution VF camera (Media Cybernetics, Rockville, USA) and QCapturePro software (QImaging, Surrey, Canada).
Photoshop (Adobe, Mountain View, CA) was used for figure preparation. Except where noted, input levels were adjusted so the main signal range spanned the entire output grayscale. Images were resized by bicubic interpolation without noticeable changes at normal viewing magnifications.
Fluorescent in situ hybridization
y w embryos were fixed, and hybridized as described as in (WILK et al. 2010) with the probe RE34385 for step (FlyFISH database: http://fly-fish.ccbr.utoronto.ca). Probe production was described in (LECUYER et al. 2008; WILK et al. 2010) . Embryos were imaged as described above. There was no detectable signal in negative controls lacking the probe.
Quantification of GFP-Step expression levels
For each cellularization embryo with furrow depths of 2-7µm, mean intensities of GFP-Step were determined in 0.8 µm circles for the top five brightest regions at similarly sized furrow canals from five distinct intact somatic cell compartments across the field of view using Image J. For each measurement, a background measurement was taken at a neighbouring nuclear region in the same way, and then subtracted from the furrow canal measurement. These background-corrected measurements were averaged to assign an overall metric for each embryo. The embryo metrics were then normalized relative to the highest value in the experiment, graphed and compared.
Statistics
Comparisons were done using Student's t-tests. Means are shown with s.d. Step localization to the bud furrows of PGCs. GFP-Step E173K localizes to the bud furrows of forming PGCs (solid arrows) at a local level similar to that of surrounding somatic plasma membranes (hollow arrows), and lower than that of other regions of PGC plasma membranes. Discs large (Dlg) is shown as a separate plasma membrane marker. Figure 6 . A three factor model for the control of asymmetric PGC division from the syncytial Drosophila soma. Two factors contribute to the potential for cell division (an elevation of Rho1 activity at the posterior pole and a propensity for cell division at both poles), and a global threshold of inhibitory Step activity controls where the division occurs (normally at the posterior pole). See Discussion for further details.
